MODIFICATION BY TEMPERATURE OF CONDUCTION AND GANGLIONIC TRANSMISSION IN THE GASTROPOD NERVOUS SYSTEM by Turner, R. S.
MODIFICATION BY TEMPERATURE OF CONDUCTION AND GAN- 
GLIONIC TRANSMISSION IN THE  GASTROPOD NERVOUS 
SYSTEM* 
BY R. S. TURNER 
(From the Department of Anatomy, School of Medicine, Stanford University) 
(Received for publication, September 22, 1952) 
INTRODUC~ON 
The effects of temperature on certain bioelectric phenomena associated with 
nerve are well established. Many investigators have studied the change with 
temperature of the resting potential  (Verz~ir, 1912; Bremer and Titeca,  1934; 
Hodgkin and Katz, 1949). Effects of temperature on several parameters of the 
action potential have been reported by Gasser (1931), Schoepfle and Erlanger 
(1941), and Hodgkin and Katz (1949). The significance of the response to tem- 
perature of various aspects of metabolism concerned with bioelectric phenomena 
in nerve is thoroughly discussed by Lorente de N6 (1947). Other implications 
of the effects of temperature  on transmission  in  nerve are given by Gasser 
(1931), Katz (1939), Krijgsman a  al. (1950), and Rosenblueth (1950). On the 
other hand, there are in the literature relatively few observations on the effect 
of temperature on synaptic transmission,  as distinguished,  for example, from 
effects on artificial  synapses (Granit  and  Skoglund,  1945) or spinal  reflexes 
(Grundfest, 1941). Scattered data are available on the effect of temperature on 
the local process in the giant fiber synapse of Loligo (Bullock, 1948), and some 
comparable information is obtainable (Davson, 1951) on the effect on the end- 
plate potential at neuromuscular junctions. 
The  central  nervous  system  of  the  large  terrestrial  gastropod  Ariolima~ 
makes available (Turner  and Nevius,  1951) a  new preparation  in which the 
characteristics of fiber conduction and ganglionic  transmission may be simul- 
taneously observed. Although lacking very large giant fibers, the pedal nerves 
and ganglia  of Ariolimax have the advantages of an unpolarized ganglion,  slow 
conduction rates, and very long,  ganglionic delays. Studies on such preparations 
may thus add new information to the perennially interesting problem of sim- 
ilarities  and differences between conduction of the nervous impulse along the 
fiber and conduction of the impulse through synapses. The present experiments 
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were intended to test the effect of the single variable, temperature, on conduc- 
tion velocity and ganglionic delay in this relatively simple nervous system. In 
order to  make  such a  study more meaningful there are also presented certain 
previously unreported data which more  firmly establish  the  junctions  in  the 
pedal ganglia as bona fide synapses. 
Materials and Methods 
Specimens of the yellow slug Ariolimax columbianus measuring 5  to  10 inches in 
length were collected in the neighborhood of Stanford University. Under a wide-field 
microscope the central nervous system and attached pedal nerves were carefully dis- 
sected free and removed to a  bath containing Ringer solution as modified for Helix 
by Cardot (1921). The main pedal nerves were secured by threads some 3  to 5 cm. 
from the ganglionic mass and by means of these threads the preparation was suspended 
in the bath. The degree of tension on the pedal nerves is not critical, since the conduc- 
tion rate remains constant through a wide range of stretched lengths (Turner,  1951). 
Stimuli in  the form  of condenser discharges were  delivered to  the  nerves  through 
pairs of platinum-iridium electrodes from a  multiple pulse generator of the general 
design suggested by Loeffel (1941).  Action potentials were led to a  pair of Du Mont 
oscilloscopes through two Grass (P3 and P4)  amplifiers. The preparations were kept 
submerged in the bath by small glass weights, except during recording when a  very 
small segment of nerve was momentarily raised above the surface on micromanipulated 
platinum electrodes. The temperature of the bathing fluid was changed by substituting 
precooled Helix Ringer solution. 2 to 5 minutes were allowed for thermal equilibration. 
Temperature of the bath was measured with a  Taylor thermometer accurate to 0.5 
per cent. The measurement of conduction velocity and ganglionic delay at two differ- 
ent  temperatures rarely took longer than  15  to  20  minutes,  during which  time no 
appreciable deterioration could be observed in the preparations. Conduction through 
the pedal ganglia remained unimpaired for 4 to 6 hours, and conduction in the pedal 
nerves could be observed in preparations which had been kept as long as 48 hours 
at 4°C. Conduction rates of only the fastest fibers in the pedal nerves were studied in 
this series. The slow rates even of these fibers and the long ganglionic delays made 
possible the use of a  relatively slow time line. Therefore, for the most part, the '60 
cycle sine wave from the A.c. mains was utilized. For convenience and comparative 
purposes  conduction  rates  in  meters per  second and  ganglionic delays in  decimal 
figures are used in Table I. 
In measuring the effect of temperature on conduction velocity and on ganglionic 
delay the actual procedure was as follows: The stimulating electrodes were kept in a 
fixed position while photographs were taken of the action potentials recorded from a 
series of points on the preganglionic and on the postganglionic nerve. The bath was 
then filled with Helix Ringer solution at a  different temperature, and, after thermal 
equilibration, the procedure was repeated. From these photographs conduction rates 
were then calculated by plotting conduction distance against conduction time. The 
delay introduced by the ganglion was  measured along a  line corresponding to  the 
approximate center of the pedal ganglia. A  rough figure for utilization time of the 
preganglionic fibers was obtained by measuring along the  x-axis from  the point of 
intersection of the line for conduction velocity to the point of zero time. R.  S.  T~mCER  465 
RESELTS 
D~onstration  of a  S~n~apse in #~e Pedal Ganglia.--It has been previously 
shown (Turner and Nevius, 1951) that certain of the large fibers in the pedal 
nerves form the final common pathway for preganglionic impulses from at least 
three different sources, dz., the two cerebropedal connectives and the opposite 
pedal nerve. It has also been demonstrated that impulses through any of these 
prefibers may be made to arrive at the postfiber during a refractory state set up 
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Fxo. 1. Fatigue at the synapse in the pedal ganglion. With the recording electrodes 
arranged in parallel across the ganglia (G) as shown at the top of the figure pregan- 
glionic spikes (left) as well as postganglionic spikes (right) are recorded on the same 
trace. This figure represents five superimposed sweeps. In the first, both pre- and post- 
ganglionic spikes were present.  In the second the postganglionic spike is greatly de- 
layed (shifted to right).  In the last three  sweeps the postganglionic spike was not 
present. In all five sweeps the preganglionic spikes exactly superimposed. Stimulating 
electrodes are at S. The lower line shows time in intervals of ~0th second. 
by impulses from any prefiber. In such a  case no postganglionic spike occurs. 
Fatigue of the junction may be brought about by increasing the frequency of 
stimuli to the preganglionic fiber (Fig. 1). After such fatigue  hasbeenestablished 
it may be maintained for long periods of time by continuous low frequency 
stimulation of the preganglionic fiber. By appropriate adjustment of stimulus 
frequency a condition may be obtained in which every 2nd, 3rd, 4th, etc., pre- 
ganglionic impulse is transmitted. It may be further demonstrated (Fig. 2) that, 
at a frequency at which no postspikes are evoked by single prespikes, the intro- 
duction of two closely spaced preganglionic spikes will evoke a postganglionic 
spike, i.e., that facilitation (summation) of preganglionic impulses has occurred 
to bring about a  postganglionic impulse. 466  CONDUCTION  IN GASTROPOD NERVOUS  SYSTEM 
It may therefore now be  stated that  there exists in the pedal ganglia of 
A riolimax a junction of nerve fibers which shows the following characteristics: it 
is contributed to by at least three different prefibers; it is a preferential point 
of fatigue; it has been shown to be differentially and reversibly susceptible to 
dilute (10  -q ~) nicotine (Turner and Nevius, 1951); it shows the characteristic 
of inhibition of postganglionic impulses through setting up a  refractory state 
in the postfiber; and it shows facilitation (or summation) of preganglionic im- 
pulses to bring about a postganglionic spike. These criteria, all taken together, 
are conventionally considered sufficient to indicate synaptic transmission. 
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FIO. 2.  Facilitation of the synapse in the pedal ganglion. With two-channel record- 
ing, as shown at the top of the figure, preganglionic spikes are recorded on CRT 1, 
postganglionic spikes on CRT 2. In a fatigued ganglion a single preganglionic spike 
(upper left) fails to evoke a postganglionic impulse (lower left), whereas two closely 
spaced preganglionic spikes (upper right)  summate to evoke a postganglionic spike 
(lower right). 
The Effects of Change in Temperature.--The effects of change in temperature 
on the conduction rate of the fastest fibers and on ganglionic delay are shown 
for a typical experiment in Fig. 3. Ganglionic delay is measured at a point on the 
y-axis corresponding to  the distance of the midpoint of the pedal  ganglion 
from the stimulating cathode. The figures for ganglionic delay  with this method 
thus include intraganglionic conduction time. 
Data from approximately 300 sets of measurements on 23 preparations are 
summarized in Table I. It is to be noted that without exception conduction rate 
in both pre- and postganglionic fibers increased as temperature increased. In all 
but three cases ganglionic delay was shortened by increase in temperature. 
In one of these three cases the pedal  ganglion was known  to  be  damaged. 
Ganglionic delay showed great variability at both the lower and the higher 
temperatures,  but,  with  the  three  exceptions  mentioned,  the  change  with 
temperature was in  the  expected direction. Of the various figures given in R.  S.  T~r~rER  457 
Table I  those for utilization time are the least reliable. This is due to the fact 
that no serious attempt was made to keep the stimuli at threshold values (al- 
though the strength of stimuli was not altered during the course of an experi- 
ment). The values given are therefore to be taken as tentative, and useful only 
in indicating change between higher and lower  temperatures. Even this difference 
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FIG. 3.  Graph of a typical experiment showing the effect of temperature on the 
conduction characteristics through the pedal ganglia. Distance from the stimulating 
cathode is plotted against time.  Conduction velocity for the fastest preganglionic 
fibers is given by the slope of the line below the location of the ganglion; conduction 
velocity for the fastest postganglionic fibers is given by the slope of the line above the 
point at which the ganglion intervened. Data from the complete series of such graphs 
are summarized in Table I. 
value is probably unreliable, since the nerve at the stimulating electrodes was 
kept at the surface of the bath whereas the rest of the preparation was kept 
completely submerged. 
Several points are self-evident from the figures shown in Table I. It is seen 
that although conduction rate and ganglionic delay do not vary strictly propor- 
tionately with temperature, the changes percentage-wise in these two values 
are of the same order. It is also apparent that the mean Q~0's for conduction 
velocity and for ganglionic delay are not different enough to be meaningful. 
The Qt0 for utilization time, as previously stated, is not to be taken as highly 468  CONDUCTION  IN  GASTROPOD  NERVOUS  SYSTEM 
reliable. If the figure for utilization time is subtracted from the figure for total 
ganglionic delay,  a  value  perhaps  approximating  intraganglionic conduction 
time may be derived. The mean Q10 (1.52) of this value is, as might be expected, 
not  significantly different from  that for conduction velocity or that for gan- 
TABLE I 
Effect of Temperature on  7onduction Vdocily and Ganglionic Dday 
Range  Mean  ] 
;tandar  tandarc 
Temperature 1, *C  ............................  5.0-10.5  7.56  [eviationJ  error of 
Temperature 2, °C  ............................  20.5--23.0  21.76  mean 
Difference T2 -- T1 ...........................  12.5-15.5  14.20 
Conduction  rate, meters/sec. 
Preganglionic fiber/'1 ............ 
Preganglionic fiber T2 ............ 
Difference Tz -- T1 ............... 
Postganglionic  fiber/'1  ............ 
Postganglionic  fiber T~ ............ 
Difference T~ -- /'1 ............... 
Ganglionic delay, se~  ................ 
Difference TI -- T2 ............... 
Utilization time, se~. 
Preganglionic fiber  TI  ............. 
Preganglionic fiber  T2  ............. 
Difference Tt -- T2  ............... 
G0 conduction rate 
Preganglionic fiber ............... 
Postganglionic  fiber .............. 
Q~o ganglionic delay  ................ 
0~o utilization time ................. 
0.36 -0.78 
0.66 -I  .02 
0.06 -0.54 
0.30 -0.90 
0.49 -I.II 
0.00 -0.66 
TI 0.006-0.15 
T2 0.008-0.06 
-0.03 -0.12 
0.00 -0.03 
0.00 -0.02 
--0.008-0.02 
1.06  -1.83 
1.00  -1.95 
0.30 -3.25 
0.25 -1.85 
0.52  0.11  0.02 
0.80  0.08  0.02 
0.29  0.11  0.02 
0.50  0.14  0.03 
0.83  0.16  0.03 
0.32  0.18  0.04 
0.033  0.029  [ 0.006 
0.019  0.016  0.003 
0.014  0.028  0.006 
0.007  0.007  0.002 
0.004  0.005  I 0.001 
0.002  0.005  0.001 
1.37 
1.42 
1.49 
1.37 
p  value 
<0.0001 
<0.0001 
0.012 
0.033 
glionic delay. When  the values for conduction velocity of the preganglionic 
fibers are calculated to include utilization time, a figure of 0.64 meter per second 
at  21.7°C.  is obtained. This is identical with the value 0.64 M.P.S.  at  19.8°C. 
previously reported by Turner and Nevius (1951). 
Probabilities that the differences between values at the higher and the lower 
temperatures  might  occur  by chance  alone  are  calculated  according to  the 
methods of Fisher (1936)  and given as p  values in the right-hand column of 
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DISCUSSION 
Perhaps no generally acceptable definition  of synapse has  yet been form- 
ulated.  Indeed many of the physiolo~cal properties of synapses have been 
demonstrated as properties of single nerve fibers. Thus/~itation (summation) 
of stimuli in nerve fibers has long been known. Specific loci of fatigue in single 
nerve fibers have been demonstrated by Bullock and Turner (1950) who have 
also pointed out how such loci may introduce variable delays in the transmission 
of the impulse.  Wiersma and Turner  (1950)  have further  shown that  single 
nerve fibers may display either facilitation of or a  spreading inhibition  to a 
series of synapses to which they contribute. Nonetheless, synapses are usually 
considered physiologically to differ both quantitatively (e.g.; in the length of 
delay) and qualitatively (e.g., in susceptibility to drugs) from their component 
fibers. It is not the intention here to argue the definition  of synapse. However, 
on the basis of the evidence presented and summarized in this paper, the as- 
sumption that  the pedal ganglia  of Ar~limax contain true synapses appears 
eminently justified. 
The mean Q10 for conduction rate of the fast fibers in the pedal nerves of 
Ariolimax (1.37 for prefibers; 1.42 for post~bers) is of the same order as the 
1.78 reported for molluscan nerve by Maxwell (1907),  the  1.75 reported for 
frog sciatic by Ganter  (1912),  and the 1.4 to 4.1 reported for frog nerve by 
Gasser (1931). The pedal nerve fibers of Ariolimax contain only scant, if any, 
myelin, and nothing  resembling  nodes of Ranvier can be observed (Turner, 
1951). The possibility does exist that the slight difference in Q10 for conduction 
rate between frog and gastropod might be related to saltatory conduction in the 
frog fibers (Huxley and St~mpfli,  1949; Lussier and Rushton, 1952). Saltatory 
conduction, however, is apparently not characteristic of all fibers with nodes of 
Ranvier (Laporte, 1951). 
The  figures  ~ven  for ganglionic  delay include intraganglionic  conduction 
time in addition to "true" synaptic delay. The proportions of these two cannot 
with certainty be determined. If, however, synaptic delay is assumed to occupy 
a  time comparable to the utll~tion  time seen in the preganglionic  fiber,  it 
would then  constitute approximately  19 per cent of the ganglionic  delay at 
the lower temperature and approximately 21 per cent of the delay at the higher 
temperature. It is of some interest to note that the O,0 for ganglionic delay here 
reported is not significantly  different from that (1.41) which can be calculated 
from the data reported by Bullock (1948) for the giant fiber synapse of the 
squid. Other relevant Ol0's which may be derived from Bullock's data are 1.26 
for the time from the end of the presp~ke to the be~nning of the local process 
in the synapse, and 1.89 for the time from the beginning of the local process to 
the beginning of the postspike. Some of the extreme delays (up to 0.151 second) 
seen in Ariolimax might  suggest passage  of  the  impluse  through  a  diffuse 470  CONDUCTION  IN  GASTROPOD  NERVOUS  SYSTEM 
network  perhaps  involving several  synapses.  Intraganglionic conduction in 
Ariolimax, whatever its actual rate, might be assumed to have a Q10 similar to 
the Q10 for conduction elsewhere along the fiber. 
The precise significance of the Q~0 of the various aspects of nervous activity 
is as yet unsettled. This topic is adequately discussed in the literature of neuro- 
physiology. With regard  to  the  situation in Ariolimax  only certain general 
statements are as yet possible. If it be assumed that several different physical 
and chemical processes  are  involved in the passage of the  nervous impulse 
through the pedal ganglia, it may be further assumed that the Q10 measured 
will most likely be that of the limiting reaction. In the present instance the 
data strongly suggest that the limiting process may be intraganglionic conduc- 
tion. Although this approach sets a value below which a Q10 for synaptic trans- 
mission is statistically improbable, it nevertheless does leave open other possi- 
bilities which might be consistent with the data; dz~, either processes at the 
synapse which are fundamentally similar to  those for conduction along the 
fiber and which have a  similar Qt0, or reactions which, if their proportion  to 
the total delay be small enough, may have Ql0's which are extremely high. 
SUMMARY 
The pedal ganglia of the terrestrial gastropod Ariolimax  contain junctions 
between nerve fibers which are shown to be preferential points of fatigue and 
which exhibit facilitation (summation) of preganglionic impulses to produce a 
postganglionic spike. These characteristics in conjunction with others previously 
reported (reversible susceptibility to nicotine, convergence of preganglionlc im- 
pulses, and inhibition of transmission through setting up a refractory state in 
the postganglionic fiber) are considered sufficient to indicate synaptic transmis- 
sion in the pedal ganglia. 
The mean conduction velocity of the fastest fibers in the pedal nerves is 0.52 
meter per second for preganglionlc and 0.50 meter per second for postganglionic 
fibers at 7.56°C.  The conduction rates at 21.76°C.  are respectively 0.80 meter 
per  second and 0.83  meter per second. The mean ganglionic delay is 0.033 
second at 7.56°C. and 0.019 second at 21.76°C.  The mean Qt0's for conduction 
velocity are thus 1.37 for preganglionic and 1.42 for postganglionic fibers. The 
mean Q10 for ganglionic delay is 1.49. If the assumption is made that the Q10 
for ganglionic delay is that of a limiting reaction, this figure then represents a 
value below which the Ql0 for synaptic delay is statistically improbable. 
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